This paper provides a comprehensive review on the methodological development and technical applications of in situ microscopy, including transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force microscopy (AFM), developed in the last decade for investigating the structure-mechanical-property relationship of a single one-dimensional nanomaterial, such as nanotube, nanowire and nanobelt. The paper covers both the fundamental methods and detailed applications, including AFM-based static elastic and plastic measurements of a carbon nanotube, external field-induced resonance dynamic measurement of elastic modulus of a nanotube/nanowire, nano-indentation, and in situ plastic deformation process of a nanowire. Details are presented on the elastic property measurements and direct imaging of plastic to superplastic behavior of semiconductor nanowires at atomic resolution, providing quantitative information on the mechanical behavior of nanomaterials. The studies on the Si and SiC nanowires clearly demonstrated their distinct, "unexpected" and superior plastic mechanical properties. Finally, a perspective is given on the future of nanomechanics.
Introduction
One-dimensional (1D) nanomaterials such as nanotubes (NTs), 1 nanowires (NWs) and nanobelts (NBs) are building blocks for bottom-up nanotechnology. 2 The well-defined chemical and crystallographic structure, morphologies and architectures, and predictable electronic properties as well as the composition and functional varieties make the NWs and NBs the ideal candidates for bottomup nanotechnology, for constructing various complex nanodevices. Individual NWs and NBs are also excellent functional materials for field emission effects, laser emitting, optoelectronics, electronics, energy harvesting, etc. Many single NWs, NBs and nanotubes exhibit unusual properties. As far as mechanical properties are concerned, the known properties include ultra-high strength of carbon tubes, [3] [4] [5] high strength, high hardness and toughness of SiC nanowires, 6 low temperature plasticity and superplasticity 7-9 of covalencebonded NWs and ultra high strength of Au and Ag nanowires. 10, 11 Under stress or strain, the structure and physical properties of nanowires and nanotubes change dramatically with possible band energy shift. 12 It was revealed that under stress, singlewalled carbon nanotubes can be tuned from isolators to semiconductors to metallic conductors. 13, 14 Si nanowires show great pizeo-electric effect with deformation. 14 Numerous methods and techniques have been developed to measure the strength of the nanowires, nanotubes and nanobelts in the elastic range. 3, 6, 12 Efforts were also made to interpret the elastoplastic transitions in the nanowires and ultra-high strength of the NWs, NTs, etc. using AFM bending tests and nano-indentation. However, the interpretation of the elastoplastic transition heavily relied on the computer simulations. The dislocation initiation, propagation and reaction can only be imagined in the case of deforming NWs, for example in the super-high strength Au NW deformations. 10 So far, there were only a few direct atomic scale experimental evidences revealing the elastic-plastic transformations in covalence-bonded NWs. [7] [8] [9] This is in contrast to the well-developed mechanical deformation and strength theories in bulk materials. 15 There is no clear understanding on many peculiar phenomena of the unusual mechanical properties of one-dimensional nanomaterial. It is urgently necessary to develop methods, techniques and tools to conduct investigations to provide experimental results and evidences on the one-dimensional nanomaterials.
In this paper, we review the methods and technologies that have been developed in the last decades for quantifying the mechanical properties of 1D nanomaterials-based in situ microscopy, including atomic force microscopy (AFM), in situ scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Integrating these electron microscopy techniques, i.e., combining the high resolution imaging systems with deformation abilities such as AFM, SPM, electron heating and other means, the advantages offered by in situ electron microscopy can be further developed. For example, TEM-deformation hybrid system can provide a direct imaging on the deformation process at atomic resolution or close with simultaneous chemical composition, electronic and crystallographic structure as well as defect evolution process, so that one is able to directly correlate the measured mechanical properties with the microstructure of the measured object. A better understanding will be provided for capturing the insight of the mechanical behavior at nanoscale.
Elastic Nanomechanics by Scanning Probe Microscopy
Among the various techniques, scanning probe microscopy (STM, AFM) has been a major tool in investigating the properties of individual nanostructures. STM is a conjunction use of atomic scale imaging with atomic resolution spectroscopy, and it is an ideal approach for detecting local electronic structure. AFM is powerful in probing the mechanical behavior at nanoscale. This section will describe the investigation of mechanical properties of onedimensional nanomaterials by AFM.
Elastic modulus of multi-walled carbon nanotube
AFM tip-based manipulation technique is one of the most powerful approaches for probing the elastic properties of carbon nanotubes. 6 The carbon nanotubes were first scattered and dispersed on a flat MoS 2 (low coefficient of friction) substrate surface, then a metal mesh was placed onto the substrate followed by deposition of SiO 2 to form squared pads on the substrate. The deposited SiO 2 pads were used to fix the nanowires and nanotubes on the substrate. After the deposition, the metal mesh was removed from the substrate. By examining the entire substrate, some of the nanotubes or nanowires with parts of their lengths were hold by the SiO 2 pads, forming an one-end fixed stationary beam. Using the tip of an AFM to deflect the nanotube, the displacement of the nanotube can be directly related to the force reflected on the tip. Figure 1 shows the force-displacement f -δ curve measured as a function of the distance from the fixed point (a) and the corresponding force constant. The solid line is a 1/a 3 fitting of the experimentally obtained curve. For the multi-walled nanotubes studied, the bending modulus is determined to be close to 1 TPa which is close to the values measured by other means. This type of measurement is based on several assumptions. First, one-end of the nanotube • and displays only 30 of the ∼ 300 F -d traces in the original image for clarity. The nanotube is pinned by a SiO pad beyond the top of the image. The data were recorded in water to minimize the nanotube-MoS 2 friction force. (b) Dependence of force constant on position x along the axis of the same nanotube. The carbon nanotubes used in these studies were purified by oxidation to 5% of the initial sample (from Ref. 6).
is well-affixed and it cannot move or be loose during the deflection driven by the AFM tip. The tip is believed to be "perfectly" solid and stiff and there is no deformation of the tip during the deflection. This assumption could be challenged eventually because the studied nanowires or tubes may be stronger than the material making of the tip and therefore the tip must be carefully selected. Finally, no sliding is permitted between the tip and the nanotube. An alternative technique has been developed by Salvetat et al. 16 and it can be used as a "bendingbridge" for measuring the Young's modulus by the AFM tip. In this configuration, the displacement at the middle of the bridge is directly proportional to the applied 17 force by:
where α = 192 for a clamped beam and 48 for a simple supported beam. Considering the difficulty in calibrating the absolute force and the deflection of the beam, the change in deflection as a function of the change in load is measured, and the curve displayed in Fig. 2 is a linear curve whose slope gives the elastic modulus of the nanotube if the suspended length L and the inner and outer diameters of the nanotubes were known. For the nanotube from which the data in Fig. 2 were recorded, its elastic modulus was measured to be about 1.1 TPa with an error of − 20 to + 50%.
Elastic behavior of aligned 1D nanomaterial's array
For the aligned NWs, we have recently demonstrated an AFM-based technique for measuring the elastic properties of individual ZnO NW without destructing the specimen. 18, 19 By simultaneously recording the topography and lateral force image in AFM contact mode when the AFM tip scans across the aligned nanowire arrays, the elastic modulus of individual NWs is determined. This technique allows a measurement of the mechanical properties of individual NWs of different lengths in an aligned array without destructing or manipulating the sample. The principle for the AFM measurement is illustrated in Fig. 3 . In AFM contact mode, a constant normal force is kept between the tip and sample surface. The tip scans over the top of the ZnO NW and the tip's height is adjusted according to the surface morphology and local contacting force. Before the tip meets a NW, a small lateral force is observed ( Fig. 3(a-I) ). When the tip comes in contact with a NW, the lateral force increases almost linearly as the NW is elastically bent from its equilibrium position (Fig. 3(a-III) ). At the largest bending position, as illustrated in Fig. 3 , the tip crosses the top of the NW, then the NW is released; the lateral force drops suddenly and reaches the ordinary level ( Fig. 3(a-V) ). The elastic modulus is derived based on the following calculation. From the geometrical relationship illustrated in Fig. 3(a-IV) , when a vertical NW experiences a lateral force f parallel to the scanning direction, the force f can be expressed as:
where E and I are the elastic modulus and momentum of inertia of the NW, x is the lateral displacement perpendicular to the NW, and L is the length of the NW. From Hook's law, the spring constant is K = f /x. For a ZnO NW with a hexagonal cross-section, its momentum of inertia is I = (5(3 1/2 )/16)a 4 , where a is the radius of the NW. Therefore, the elastic modulus is given by:
The displacement and the lateral force were determined from the topography image and the corresponding lateral force image, as shown in Figs. 3(b) and 3(c), respectively. To ensure that the center of the conical tip touches the center of the NW as assumed in theoretical calculation, both curves were read from the center of the NW as indicated in the images by dashed lines. Taking a line scan across the middle point of a spot in the topography image, a curve for the scanner retracting distance versus the NW lateral displacement was obtained, as shown in Fig. 3(d) . Likewise, the maximum maximal lateral force for bending the NW was measured by acquiring a scanning profile at the corresponding line in the lateral force image (as indicated in Fig. 3(e) ). Combining the measured x m and f m from the two line profiles, the spring constant K = f m /x m was obtained. For the ZnO nanowires grown on sapphire surfaces with an average diameter of 45 nm, the elastic modulus was determined to be 29 ± 8 GPa. This technique provided a direct observation on the mechanical properties of aligned NWs, which is of great importance for their applications in electronics, optoelectronics, sensors, and actuators.
Elastic behavior of nanobelts
One of the most important strategies is deforming a NB that is supported at the two ends using an AFM tip, which pushes the NB at its middle point. Quantifying the middle-point force-displacement curve gives the elastic modulus. The accuracy of this measurement is, however, limited by the size of the tip and the accuracy of positioning the AFM tip right at the middle of the 1D nanostructure due to the unavoidable hysteresis of the piezoceramic actuator of the AFM cantilever. We have demonstrated a new approach for quantifying the elastic deformation behavior of a NW by fitting the image profile measured using atomic force microscopy (AFM) in contact mode along the entire length of a bridged/suspended NB/NW/nanotube under different load forces (Figs. 4(a)-4(c)). 19 The profile images of the NB recorded the deformation of all of the points along its length under different applied forces (Fig. 4(b) ). One profile could contain up to 650 points, and each point on the suspended portion of NB in the images can be regarded as a mechanical measurement. Consistently fitting the measured deformation profiles can uniquely determine if the measured data are best fit by either the clamped-clamped beam model (CCBM) or the free-free beam model (FFBM) without pre-assumption (Fig. 4(c) ), and it eliminates the uncertainty in defining the central point of the suspended beam, thus, greatly increased the precision and reliability of the measurement for elastic modulus.
Nano-indentation
Nano-indentation is one of the most applicable tools at present time to extract mechanical properties of materials at nanoscale (normally nanodomains) to provide information on localized elastic and plastic deformation zones. 20 Nanoindentation has been widely used for mechanical property characterization of nanograin structured bulk materials 21 and thin films, 22 and has been successful in combining experimental measurements with simulations. 23 Recently, integrated with atomic force microscope, 24,25 nano-indentation has been successfully applied in featuring the mechanical properties of one-dimensional nanomaterials. Quantified displacement versus force functions can be fully mapped together with the high spatial resolution nanoscale imaging of the tested nanomaterials prior to and post testing. The elastic modulus, hardness and plastic deformation characters of the indented materials can be provided simultaneously over a large surface area. An AFM system can be combined with a nano-indentation system and served as the imaging system to visualize the nano-object. The nanoindenter tip can be used as the "AFM" tip first to locate and visualize the nano-object and then switch to be the nano-indenter to indent the nanoobject. The advantage of this integration is that the AFM tip alone is "soft" due to the limitation of the stiffness and harness of the AFM tip. In addition, the AFM tip cannot be arranged to be perpendicular to the nanowire surface and derives slip and friction during indentation between the sample surface and the AFM tip. The unified system of AFM and nano-indentation are more effective in finding the nano-object, achieving high loading, monitor the materials response at near-real time.
Nano-indentation hardness can be defined as the indentation load (force) divided by the resulted projected contact area of the indentation. 24 It is the average pressure that a material can support the punch. From the measured load versus displacement curve, the indentation hardness can be obtained at the peak load by the following way 24 :
where P max is the force value of the peak load and A is the resulted projected contact area of the indentation tip. The nano-indentation elastic modulus can be calculated using the Oliver-Pharr data analysis procedure 26 by fitting the unloading curve to a power-law relation. On the basis of the relationships developed by Sneddon 27 for the indentation of a semi-space bulk by any punch, a geometry-independent relation involving contact stiffness, contact area, and elastic modulus can be summarized as follows:
where β is a constant that depends on the geometry of the indenter (β = 1.034 for a Berkovich indenter) 28 and E r is the reduced elastic modulus which taken into consideration the fact that the elastic deformation occurs in both the sample and the indenter. E r is given by 24 :
where E and ν are the elastic modulus and Poisson's ratio for the sample and E i and ν i are the same for the indenter, respectively. A typical example of applying this technique is to indent a silver nanowire. 24 The representative AFM images of a silver nanowire by nanoindentation are shown in Fig. 5 . 24 The wire is about 4 µm long and 42 nm in diameter. A drop of solution containing the silver nanowires was directly scattered on the glass substrate. Instead of using SiO 2 deposition to hold the NWs/NTs, 6 it was demonstrated that the natural adhesion forces between the wires and the glass slide are strong enough to prevent the wire from moving/rolling on the glass slide and no any other means necessary to fix the nanowires on the substrate. The wires can be reproducibly imaged in contact mode of the AFM. In Ref. 24 , a Berkovich diamond nano-indenter tip was used to image and locate a single nanowire and then in situ position the indent tip on the wire to perform an indentation test.
Some problems with nano-indentation would be the lack of a standard calibration method to deal with various problems like the indenter-tip roundness and the indentation size effect that are significant at the nanometer-scale. Some investigations tried to overcome these problems by various means. For example, Yang et al. 29 used nano-indentation to determine plastic deformation zone size at a fatigue crack tip, Shan and Sitaraman 30 have used nano-indentation in combination with finite element modeling to characterize mechanical (elastic and plastic) characters of the titanium thin films. Zhao et al. 31 proposed strain-gradient plasticity to interpret the indentation size effect.
Elastic Nanomechanics by
In Situ Transmission and Scanning Electron Microscopy TEM is a powerful tool for characterizing the atomic-scale structures of solid state materials with simultaneous information of chemical composition and electronic structures. A modern TEM is a versatile equipment that not only provide high spatial resolution imaging which can be easily better than 0.2 nm, but also give a quantitative chemical and electronic analysis from a region as small as 1 nm. A powerful and unique approach could be developed if we can integrate the structural information of a nanostructure provided by TEM with the mechanical property measured in situ from the same nanostructure. 32, 33 Integrating with mechanical property measurement makes TEM to be a more powerful technique that not only can provide the mechanical properties of an individual nanotube but also can give the structure of the nanotube through electron imaging and diffraction, providing an ideal technique for understanding the propertymicrostructure correlations. 34 In the area in which the specimen was loaded in a conventional TEM, an electromechanical system can be built that allows not only the lateral movement of the tip, but also applying a voltage across the nanotube with the counter electrode. This set up is similar to the integration of a scanning probe technique with TEM. The static and dynamic properties of the nanotubes can be obtained by applying a controllable static and alternating electric field. If an applied voltage is an alternating voltage, the charge on the tip of the nanotube is also oscillating, so is the force. If the applied frequency matches the natural resonance frequency of the nanotube, mechanical resonance is induced. By tuning the applied frequency, the first and the second harmonic resonances can be observed (Fig. 6 ). The analysis of the information provided by the resonance experiments relies on the theoretical model for the system. The most established theory for modeling mechanical system is the continuous elasticity theory, which is valid for large size object. For atomic scale mechanics, we may have to rely on molecular dynamics. The diameter of the nanotube is between the continuous model and the atomistic model, thus, we need to examine the validity of applying the classical elasticity theory for the data analysis.
We have compared the following three characteristics between the results predicted by the elasticity theory and the experimental results shown in Fig. 6 . First, the theoretical node for the second harmonic resonance occurs at 0.8L, and the experiment showed ∼ 0.76L. Secondly, the frequency ratio between the second to the first mode is ν 2 /ν 1 = 6.27 theoretically, while the observed one is ν 2 /ν 1 = 5.7. The agreement is reasonably well if one looks into the assumptions made in the theoretical model: the nanotube is a uniform and homogeneous beam, and the root of the clamping side is rigid. The latter, however, may not be realistic in practical experiment. Finally, the shape of the nanotube during resonance has been compared quantitatively with the shape calculated by the elasticity theory, and the agreement is excellent. Therefore, we still can use the elasticity theory for the data analysis.
If the nanotube is approximated as a uniform solid bar with one end fixed on a substrate, from the error in the resonant frequency is negligible. The dramatic drop in E b for D ∼ 12 nm is attributed to the onset of a wave-like distortion, which appears to be the energetically favorable bending mode for thicker nanotubes. There is no remarkable change in the Lorentzian line shape of the resonance (inset) for tubes that have large or small moduli, although the low-modulus nanotubes appear to be more damped than the high modulus tubes (from Ref. 32 ).
classical elasticity theory, the resonance frequency is given by 35 :
where D is the tube outer diameter, D i inner diameter, L the length, ρ the density, and E B the bending modulus. The resonance frequency is nanotube selective and it is a specific number for a nanotube. After a systematic study of the multi-walled carbon nanotubes, the bending modulus of nanotubes was measured as a function of their diameters (Fig. 7) . The bending modulus is as high as 1.2 TPa (as strong as diamond) for nanotubes with diameters smaller than 8 nm, and it drops to as low as 0.2 TPa for those with diameters larger than 30 nm. A decrease in bending modulus as the increase of the tube diameter is attributed to the wrinkling effect of the wall of the nanotube during small bending.
A similar strategy can be applied in a scanning electron microscope. With careful design, the spacious room of SEM chamber makes the above technique easier to be applied in the SEM. As schematically shown in Fig. 8, 36 an electron-static excitation source can be fabricated and installed in a SEM chamber. The pizeo-driven stage allows accurate movement of the electron-static excitation source along the mutual-orthogonal axes X, Y and Z. A typical application example was applied to measure the elastic Young's modulus of ZnO nanowires and a dramatic increase of the modulus value with reducing the nanowire's diameter was discovered. 36 The very sharp tungsten probes with typical tip radii ranging between 20-100 nm were fabricated. 37 The tips have to be very sharp to distinguish the two types of resonance for the subsequent experiments. The experiments 36 demonstrated that the occurrence of parametric resonance is determined by the relative orientation of the NW to the countering tip, and in fact by the direction of the force applied to the NW. As shown in Figure 8 , if the NW is aligned (arranged in a line) with the tip, it will result in an axially applied force, parametric excitation can dominate. On the other hand, if the excitation source was applied transversely to the NW as shown in Figs. 8(b), 8(d), 8(f) and 8(g), a forced excitation would control. This is consistent with the parametric resonance of a macroscopic beam under periodic axial load, which is a typical subject of parametric instability. 38 
Plastic Nanomechanics by AFM−Ultra-High Strength of Nanowires/Tubes Measured by AFM
Measuring the strength of a carbon nanotube is a real challenge because it is too small to be clamped, thus, restricting the application of the conventional strength measurement technique. A novel experiment has been designed by Yu et al., 3 who used double AFM tip to perform the tensile load, as shown in Fig. 9 . The tensile strengths of individual MWNTs were measured with a "nanostressing stage" located within a scanning electron microscope. The tensileloading experiment was prepared and observed entirely within the microscope and was recorded on video. The applied force is measured by the AFM tip, and the stretching distance is measured from the SEM image. The MWNTs broke in the outermost layer ("sword-in-sheath" failure), and the tensile strength of this layer ranged from 11 to 63 GPa. Analysis of the stress-strain curves for individual MWNTs indicated that the Young's modulus E of the outermost layer varied from 270 to 950 GPa. Transmission electron microscopy examination of the broken nanotube fragments revealed a variety of structures, such as a nanotube ribbon, a wave pattern, and partial radial collapse. An AFM-based lateral loading has been applied to measure the Young's modulus E, yield strength, plastic deformation and failure of Au NWs. 10 The method involves AFM lateral manipulation of nanowires that are mechanically fixed to and positioned over trenches on a substrate (see Fig. 10 ). Challengingly, the AFM tip can be swept following a programmed manipulation path horizontally in the XY plane with trenches below the positioned NWs. The axis of the cantilever was aligned to be parallel to the nanowire as shown in Fig. 10 . The AFM tip needs to be positioned 100-300 nm below the X-Y plane of the substrate and the lateral deflection of the cantilever can be monitored during the manipulation of the tip using a four-quadrant photodiode and the corresponding F -d trace. 10 Before each manipulation, a tapping-mode image of the suspended nanowire was recorded first. It was demonstrated that Au nanowire's yielding and plastic deformation properties are dramatically different from those of bulk nanometals with comparable grain size. Astonishingly, an ultra-high strength of Au NWs by almost 100 times of that of bulk materials was demonstrated. It was suggested that the constrained material volume and limited number of grains across the nanowire diameter preclude the elastoplasticity behavior reported in bulk nanometals. However, no direct dislocation controlled process was revealed at the nano-and atomic-scale. Detailed elastoplastic deformation mechanisms and the super strength need to be further proved by TEM or other imaging techniques. Future investigations on the atomic scale mechanisms of the superhigh strength of the Au NWs are necessary.
Plastic and Fracture Nanomechanics by In Situ Microscopy
Plastic deformation theories of bulk materials mainly focused on dislocation theories in singleand polycrystalline materials. The initiation and motilities of dislocations, the interaction activities among dislocations and the precipitates and grain boundaries as functions of temperature and strain rates determine most of the material's plastic properties in the bulk forms. For the nanopolycrystalline materials, it has been revealed that nanograin rotations, 39 dislocation-grain boundary reactions, 40 twin-formation and rotation etc. were active, and have special rules at nanoscale. However, for single-and/or poly-crystalline one-dimensional nanomaterials, the plastic-deformation mechanisms, particularly the dislocation controlled phenomena and mechanisms, are almost unknown. In this section, we introduce some recent developments in characterizing the nanowires plasticity and the plasticity-correlated dislocation activities by atomic scale in situ TEM observation.
Tensile and bending experiments of individual nanowires in TEM
An in situ transmission electron microscopy method was developed for conducting bending or axial tensile experiments for NWs and NTs in TEM and HREM. 7, 8, 41 The flexible operating conditions for easy tilting around the X and Y axes allow large angle tilting of the observed sample. This makes the measurement to be conducted at the area from where the atomic resolution TEM images can be recorded. A particularly-designed epoxy with desired strength can be carefully selected and make a colloidal thin film on the TEM grid. The thin films can be broken prior to or through TEM observation. Figure 11 (a) shows a schematic illustration of the TEM grid with colloidal thin film covered. The nanowires were scattered on the TEM grid. The broken colloidal thin film can be curled or shrunk linearly under the heating/irradiation of the electron beam. The scattered NWs can then be curled into the colloidal thin films. Due to the complex geometry of the scattered nanowires on the TEM grid and the curl broken colloidal thin films, many NWs can be bent or being conducted axial tensile experiments. The advantage of this method is that no special TEM specimen holder was needed and no special mechanical tensile attachments were required. These advantages saved spacious space for titling the specimen along two orthogonal directions by large angles (± 30 degrees). Then, it provides the optional and ideal observing direction for in situ bending or axial tensile experiments on individual NWs.
The first successful example of using the recently developed method 41 to conduct the bending experiment on NWs was carried out for SiC NWs. 7 The SiC NWs were first dispersed on the specially designed TEM Cu grid covered with colloidal thin films. The colloidal thin films were broken prior to the TEM observation. An elastic, elastic-plastic transition and plastic deformation process was fully observed and recorded at the nano-and atomic-scale. Figure 12 shows an example of bending SiC NWs. A series of images of a single SiC NW which was deformed by the shrinking force created from the broken colloidal thin films on the TEM grid under the heating of electron beam were presented. The series of images captured in situ in both the elastic and plastic deformation modes can be viewed at Fig. 12 . The strain rate was kept at a level of 10 −4 -10 −5 /s. The up limit strain for inducing elastic deformation of SiC NW is within the same order of magnitude as reported for ex situ studies, 42 and is consistent with theoretical prediction. 43 Another example was conducted for Si NWs by axial tensile tests. 8 For the NWs with small Young's modulus and yield strength (1/5-1/10 of SiC), the axial tensile experiments on the NWs can be conducted in situ in TEM by the colloidal curl technique. Figures 13(a)-13(d) show a series of images of a single Si NW that was extended by the force created by the shrinkage of the broken colloidal thin film. A clear plastic deformation was observed at the center of the NW. Among the 9 Si NWs samples (ranging from 15 to 70 nm in diameter) having been studied, all of them had shown large elastic strain. The strain rate was kept at a level of ∼ 10 −5 /s. An as large as 426% diameter reduction (the ratio of incipient diameter over breakpoint's diameter (%)) and 125% elongation-rate were obtained at ambient temperature for a NW with an original diameter of 26 nm as shown in Figs. 13(a) through 13(d) .
The more appealing function of the newly developed method 7, 8, 41 is that it allows in situ atomic-scale observation. In contrast to the conventional mechanical testing in TEM which usually could only conducts single tilt of the TEM specimen holder, the recent developed technique 7, 8, 41 allowed tilting the specimen along two orthogonal axes and observed the specimen along the low miller indices and have atomic-scale observations. Figure 14(a) shows the early stage of the elasticplastic transition of the bent SiC NW that is characterized by homogeneous lattice distortion, dislocation nucleation and lattice relaxation in the compressed side. The elastic/plastic anisotropy is revealed in the incipient elastic-plastic transition period in the bent SiC NW when an external force is applied. The periodicity and continuity of the {111} family of lattice planes have been investigated. The stress can be continuously applied on the bent SiC NW and large plastic strain can be achieved. HREM images recorded later in the process reveal the atomic mechanisms of the plastic deformation features with large strains. Figure 14(b) shows a low magnification image at a later stage of the "tearing/fracturing" process.
For the case of axial tensile Si NWs, the plastic deformation mechanism of Si NW through in situ axial tensile experiment was revealed in situ at atomic scale in TEM as shown in Fig. 15 . Figure 15(a) is an HREM image of the axialextended Si NW at the initial elastic-plastic transition. Figure 15(b) is an HREM image of the extended Si NW at a later time.
In conjunction with TEM imaging, electron energy loss spectroscopy (EELS) can be applied to monitor the change in electronic structure of the NW during plastic deformation. 8 Figure 16 8 shows two sets of EELS spectra taken from the Si NW prior to and after super-plastic deformation of the Si NW. Using the scanning function, for each set of EELS analysis, 32 spectra were collected across the diameter of the Si NW. Seven of them were chosen to demonstrate that prior to and after the super-plastic deformation, the SiO x surface layer did not diffuse radically into the inner layers of the Si NW, especially not at the largely strained area. Figure 16(a) is a series of EELS spectra taken from the Si NW prior to the initiation of plasticity. 
Other TEM correlated plastic deformations on one-dimensional nanomaterials
Using the electron irradiation or heating can make the polymer thin films to shrink. As shown in Fig. 17 , the deformed polymer thin films can bend carbon nanotubes and measure the strength of carbon nanotubes and the plastic deformation at the nanoscale. 44 A composite material was made by mixing the carbon nanotubes and epoxy. 44, 45 Using ultracut microtome equipment, the dried mixture can be sliced to be thin films (70-100 nm) by diamond knife which are suitable for TEM observation. The successful example of this method was applied to measure the compressive strength of carbon nanotubes. The ultracut TEM slices (composites of epoxy and carbon nanotubes) were investigated by transmission electron microscopy (TEM) at 100 kV. 44 The TEM work was reported particularly difficult with the presence (and thickness) of the polymer, which strongly reduces the image contrast. Only those nanotubes that were close to or at the polymer surface were studied. The large amount of observations revealed that nanotubes collapsed under a compressive stress (revealed in Fig. 17 , the buckling of the nanotubes in the compressive side) through a variety of deformation modes, depending mostly on the tube morphology and geometry. The compressive stress arises from polymerization shrinkage as well as from thermal effects associated with the electron beam in the TEM cell. The temperature increase could be significant but difficult to estimate. The room temperature curing epoxy used in research, 45 the measured linear contraction due to polymerization was only (5.4 ± 1.4)%.
The behavior under stress of carbon nanotubes was found to strongly depend on the tube geometry and structure. The ultimate compressive strength was calculated from the mechanical properties of the epoxy and using a composite material's model. The compressive strength of carbon nanotubes was estimated to be about 60 GPa.
TEM−STM integrated hybrid experiments for carbon nanotubes: Electro-mechanical integration
There are growing interests in electro-mechanical coupling response of one-dimensional nanomaterials, for example, the giant-magnetic characters of Si nanowire under strain 14 and the strain-induced semi-conductance-conductance transitions of carbon nanotubes. 13 A TEM equipped with a pizeodriven stage allows manipulating the specimen at nanometer scale. [46] [47] [48] [49] [50] [51] [52] [53] [54] Figure 18 is a schematic illustration of a TEM-SPM hybrid system in which a nanotube can be welded at the two ends of the two facing tips, 51 one is STM tip and the opposite side Au/Pt tip. Two ends or four ends electric feed through can be designed and carried out for the electrical conductance measurements. The current-voltage correlations with the strained nanotubes can be measured simultaneously with the TEM imaging and the Fig. 19, 46 a MWNT was end-contacted and free standing inside a HRTEM which was integrated with a STM probe. With this set up, an atomicscale imaging and four-point electrical conductance measurement could be carried out simultaneously. The contact between a STM probe (not shown) and the nanotube tip was made by the deposition of amorphous carbon using electron beam radiation. This type of irradiation-induced carbon is strong and conductive 54 and has no effects on the intrinsic conductance properties of the tested materials. 54 Interestingly, when applying a bias of about 2 V, the catalyst particle on the nanotube tip could be melted and moved rapidly toward the STM probe. The nanotube tip was broken after the catalyst particle passes through and made each wall of carbon nanotube being contacted by the amorphous carbon or the STM probe. On the other end of the nanotube, the multiple-walls of the nanotube were contacted to the carbon fiber. 47 The plastic deformation mechanism was revealed and a superplastic feature was demonstrated for the carbon nanotubes when electric current was applied to pass through the tube. High temperature (around 2000 • C derived from the electric current passing through the nanotube) was thought to contribute to the super-plastic deformation features of the carbon nanotubes and it was proved theoretically. 55 Through the pulling process of the carbon nanotube, the nanotubes penetrate from the outside layer to the inside layers which implied and confirmed the outside layer conduction mechanism of the multiple-wall carbon nanotubes.
A compressive stress could also be applied to the one-dimensional nanomaterials simultaneously with measuring the conducted electric signals. Several successful examples were demonstrated for carbon nanotubes and BN tubes. 48, 51, 52 A typical example is shown in Fig. 20 for the pizeo-electric effect of BN tubes by bending the BN tubes using the TEM-SPM method in a TEM chamber. 52 A sharp metallic STM Au/Pt tip was fixed on the movable end of a piezotube, facing its opposite electrode, i.e., another metal (Au, Pt or W) tip. A nanotube sample was first attached onto either an STM tip or its opposite counter tip/electrode. Then it was tightly fixed on the tip through manual manipulation with tweezers, and the position of the counter electrode can be adjusted to obtain an optimal gap between the metallic contacts in an optical microscope. Figures 20(a)-20(d) show the sequential images of a given BNNT bending and relief process inside a TEM. The bottom two HREM images show the released and compressive strained lattice images of the tested BNNT corresponding to the framed regions in (c) and (d), respectively. It clearly shows the wall lattice bending in (f) and became fully straight in (e). The electric-conductivity measurement revealed that the BN tube showed better conductivity under bending mode while kept an almost insulator behavior when strain was released. Similar to study, 7,8 the EDS and EELS investigations can be conducted simultaneously with the high resolution imaging, straining and I-V measurments. Both of the EELS analysis and the HREM images show that not only lattices were bent elastically but also the electronic structure was changed under bending of the BN tube. A band gap shift was directly revealed in the EELS analysis which proved the theoretical predictions of the pizeo-electric effect of the BN carbon nanotubes.
Another example was successfully applied to bend a carbon nanotube and measure the electric conduction of the tube prior to and after the bending experiments. 54 The electron irradiationinduced contamination was used to fix the benttube to sustain the shape and keep the elastic strain. The contamination of the diamond-like carbon was demonstrated to be strong and conductive. No obvious conductance difference was revealed for the bent and undeformed carbon nanotubes. TEM-SPM system is a bit complicated system and so far, was only reported to work on the nanotube's in which the sharp Au tip can penetrate through the tube and be soldered. In the future, developments could be expected to expand to nanowires and nanobelts. The electro-mechanical measurements for one-dimensional nanomaterials can be also conducted in a scanning electron microscope and it has been successfully used in multiple examples. 56,57
TEM−AFM integrated hybrid system
Force measurement is one of the major challenges for nanomechanics, particularly, with simultaneous high resolution imaging. However, with very careful design, this task could be quantified and executed in a high resolution transmission electron microscope together with an AFM cantilever. Recently, a dedicated AFM cantilever beam integrated with a single tilt TEM specimen holder for quantifying the nanoscale mechanics 48 was developed. An experimental setup is illustrated in Fig. 21 which used the commercialized Nanofactory Instruments AB TM TEM-AFM hybrid specimen holder. 48 A silicon cantilever is attached to a fixed MEMS force sensor. An aluminum wire (for a subsequent calibration) with a mounted NW/NT sample was placed on the movable pizeo-driven side of the holder. Prior to the TEM observations, the relative positions between the nanowire and the cantilever can be manually adjusted under an optical microscope to obtain an optimal gap. Then, the nanoscale X, Y , and Z positions of the cantilever and each individual NW/NT were adjusted through the nanoscale pizeo-driven manipulation inside the TEM. The software automatically coordinates the stages to control the BNNT sample deformation strain as well as the deformation rate. The force measurement is through the deflection of the Si cantilever. Prior to the key data measurements of BNNT bending forces, the force-displacement curves were recorded and were calibrated by means of indentation of the blank Al wire. The elastic and elasto-plastic deformation characters of a BN nanotube can be in situ investigated at nanoscale.
Other methods
Some concepts and in situ tensile techniques in conventional approach may also be borrowed to deform nano thin films by a special design and set up. Luckily, lattice images of the deformed materials in the polycrystalline system could also be acquired and recorded by a single-tilt TEM technique. 58, 59 The deformation mechanisms of the polycrystalline materials, amorphous or single crystals could be investigated. This method with careful design has been applied to the one-dimensional nanomaterials 60 and could be expanded to other fields in the future.
Super-plasticity of SiC NWs directly revealed by in situ axial tensile tests in SEM
Due to the large available specimen manipulation space and versatile functions in SEM, it is the most widely used microscopy for various small scale measurements applied with an external field. 9, 56, 57, [61] [62] [63] [64] A bi-metallic extensor was designed for SEM to conduct axial tensile experiments on individual NWs. 9 Figure 22 shows the schematic illustration of the set up of the SEM NW tensile system (NTS). Following the structure and substructure determination of the SiC NWs, we conducted the in situ tensile tests inside a FEI Quanta 200 ESEM with our home-built nanotensile-testing stage. Two thermal bimetallic strips were mounted on the opposing position of the heating stage. The bimetallic strip is made of two materials with different thermal expansion coefficients. To achieve a significant deflection at lower operational temperature, the two materials must have a large mismatch in thermal expansion coefficients. The bimetallic strips were induced to bend by heating from a filament. The bimetallic strip was operated below 150 • C to avoid damage to testing sample. A significant deflection was clearly visible under the gentle heating conditions. A successful example was first applied to the SiC NWs. The as-synthesized NWs were scattered between the two manipulators. Randomly distributed nanowires can be occasionally bridged across the two manipulators. The SiC NWs are long and straight and they tangled and bridged across the two manipulators. Two means were used to tightly "hold" the NWs on the manipulators. One is the friction force among the NWs (this force is very big due to the tangling features of the long SiC NWs), the other is "soldering" using the electron beam to create "contamination" points on the contact locations of NWs/manipulators. Combining these two methods, the manipulators can hold the NWs tightly without NW's slipping during tensile experiments. By heating the bimetallic strips, the manipulators were then gradually moved away. A continuously increased temperature (up to 80 • C) drove the manipulator so that a tensile load was applied to extend the clamped nanowire until fracture occurred. One point worthwhile to mention is that the manipulators were continuously to be driven to move away and the "soldered" SiC NWs were gradually to be flattened (zero strain), then elastically extended with large strain and lately plastically deformed, and finally fractured.
Eight single SiC NWs were pulled by the bimetallic extensor and the entire process was recorded in situ by SEM imaging. All of the NWs showed extremely large tensile strain (with an average fracture strain ≥ 25%) and plastic deformation characters. suspended and clamped between the two bimetallic actuating manipulators. The manipulators were used to gently pull the SiC NW to increase the strain with increasing temperature from 30 • to 80 • . The strain rate was estimated to be about 5 × 10 −4 which is the same order as in study. 7 A 25 µm long, 96 nm diameter SiC NW was axially extended and finally broken in the middle. The resulting fragment attached on the left-hand had a length of at least 22 µm, whereas the fragment at the right-hand side had a length of at least 10 µm. Thus, the sum of the fragment lengths far exceeded the original section length. From the series images of Fig. 23 , the total length of the SiC NW prior to the extensile experiment was measured to be L = 25 µm, an elongation of T = 7 µm was received after tensile testing. This derives an average elongation rate of T/L = 28%. However, locally, as indicated by a set of paired arrowheads, the local elongation rate of the SiC NW exceeds 200%. The local elongation rate of the SiC NW is close to 220%, showing a super-plastic deformation strain.
Fracture of One-Dimensional Nanomaterials
The mechanical properties of one-dimensional nanomaterials include the elastic response and the Young's modulus determination, elastic-plastic transitions, extended plasticity and finally a broken feature. Some of the above-mentioned techniques are also applicable for investigating the fracture of the nanomaterials. Using a double AFM tips to conduct the ultimate tensile experiment, 3 the plastic deformation and broken process of a carbon nanotube has been revealed (Fig. 24 ).
An ex situ experiment was carried out by putting the extensile broken carbon nanotube in HRTEM. 3 An interesting buckling character was revealed. Similar buckling features were also revealed in axial-tensile experiments for Si NWs as shown in Fig. 25 by the colloidal thin film shrinkage method. 7 Both of these experiments demonstrated plastic deformation features of the carbon nanotubes and Si nanowires. Using the TEM-STM combined technique, the ultimate extensile experiments have also been carried out for carbon nanotubes. A super-plasticity was demonstrated for carbon nanotubes with electric current fitting through the carbon nanotubes using the TEM-STM method as shown in Fig. 26 . 47 With a strong force applied to the axial tensile experiments, fracture can be easily achieved on nanowires or nanotubes using the method of bimetallic extensor. 9 As shown in Figs. 27(a) and 27(b), a uniform and super-plastic ductile fracture was revealed for SiC NWs in the in situ SEM tensile experiments. Interestingly, all of the above-mentioned experiments demonstrated that the co-valence bonded nanomaterials including carbon nanotubes, 3 Si nanowires 8 and SiC nanowires 7, 9 are with ductile fracture characters at ambient temperature except for the super-plasticity 47 of carbon nanotubes whose super-plasticity was suggested to derive from a high temperature melting process. 46, 47, 55 A fracture feature was also revealed by AFM-nano-indentation combined technique for silver NWs as shown in Fig. 28 . 24 The silver NW was cut by the diamond nano-indenter to be two pieces at ambient temperature. For the morphology as shown in Fig. 28 , a ductile fracture character could be suggested. Some unpublished experiments demonstrated that the ionic-bonded materials with a fast deformation rate showed brittle fracture features under both of bending and axial-extensile mode. 65 
Quantifying the High Resolution Stress and Strain for One-Dimensional Nanomaterials Mechanics
One of the fundamental approaches of nanomechanics on one-dimensional nanomaterials is the accurate force and displacement measurements at high resolution, for example at nanometer and nano-Newton-scale. However, the accurate force measurement at nanoscale is a big challenge for nanomechanics and particularly for onedimensional nanostructure. The most difficult and challenging task is the direct and accurate force measurement due to the absent of commercialized nano-Newton-scale force sensors. People looked for alternative methods to evaluate and study the elastic and plastic strength of the one-dimensional nanomaterials. One approach was the thermallyactivated 66, 67 or the electric-field-forced vibration frequency measurements as introduced in Sec. 3. The limitation of these studies are that they are only applicable for elastic property measurements such as the elastic modulus and strength, and eventually, some complicated composite materials calculations have to be involved. In addition, one has to recognize what is the intrinsic vibration frequency. For the plastic deformation strength and force measurement, most of the investigations rely on the bent cantilevers in which the stiffness of a known material was particularly selected and shaped. [68] [69] [70] [71] Using laser or other tracking techniques to monitor the bent beam, the force can be roughly calculated. It is one of the most applicable and popular methods used in many studies and commercialized products such as AFM and some hybrid systems of TEM-AFM. In a parallel scenario, developing dedicated MEMS system could be one of the trends and solutions to measure the nano-Newton-force or developing nano-Newton-force sensors. [72] [73] [74] A nanomechanical test system (NMTS) was developed using the combed capacitors and thermalactivated actuators. As shown in Fig. 29(a) , the combed capacitive system was used to measure the nano-Newton-force electronically and the thermalactivated actuators were used to measure the displacement. This NMTS system can be embedded in a single-tilt TEM specimen holder and allow the simultaneous high resolution imaging and the force-displacement measurement. 72, 73 As shown in Fig. 29(b) , the developed system has been successfully applied in conducting tensile experiments on carbon nanotubes 73 to obtain the forcedisplacement correlations. The obtained stressstrain curves and the Young's modulus as well as the strength of the tested materials were comparable to the values obtained by other methods. Some details regarding the nanocapacitor nanomechanics NEMS systems are available in Ref. 74 .
The displacement measurement during the onedimensional nanomaterials stress-strain test can be directly approached inside a SEM or a TEM by series frames of time-resolved imaging. With electron beam contamination soldering or other simple ways to prevent the one-dimensional nanomaterials from sliding, the strain measurement can be carried out by simply recording a serial of time-resolved real images inside a SEM or TEM. When using a delicate pizeo-driven stage, the displacement can be directly read through driven the movement the pizeo-driven process. The big advantages of SEMand TEM-based tensile/compressive techniques are that the full microstructure evolution process can be simultaneously revealed and recorded at the real time, for example, the dislocation initiation, propagation, and the failure mode of the one-dimensional nanomaterials. The FEG SEM can provide a resolution of 1-2 nm and a FEG TEM can provide an imaging spatial resolution at sub-nanometer level. The pizeo-driven stage can reach a resolution of nm scale in the X-Y plane and sub-nanometer scale along the Z direction.
Summary and Perspectives
With emerging applications of one-dimensional nanomaterials serving as building blocks of nanoelectronic devices, bendable and flexible electronic devices and the unusual mechanical properties of the one-dimensional nanomaterials, 75-82 the investigations on the mechanical properties and the related atomic scale mechanism are crucial in understanding their performance and novel applications. Due to the unique power of electron microscope in characterizing the atomic structure, electronic characters and the simultaneous imaging, the related techniques and methods in HREM and TEM are highly attractive and unique. With the improvement of measurement techniques, nanomechanics by electron microscopy and particularly, the related hybrid/integrated TEM/SPM, TEM/AFM, SEM/SPM, SEM/AFM etc. systems will be an important part of nanotechnology. As foreseen in the near future, we propose a few possible trends.
Atomic scale imaging during in situ mechanical and electrical measurements
Nanomechanics in TEM is a new emerging science for accurately evaluating the extraordinary mechanical properties of nanomaterials. Recently, some commercialized equipments/tools have been developed to conduct electric-current measurements, force measurements in the single-tilt TEM holder. A future direction can be to expand to the double-tiling TEM specimen holder to conduct the atomic-scale observation and direct correlate the mechanical and electrical signals when carrying out mechanical tests on single nano-objects.
Quantitative multifunctional nanomeasurements at high spatial resolution
With electrical field passing through a onedimensional nanomaterial simultaneously with applying stress/strain fields have been conducted in a few experiments at nanoscale or high resolution electron microscopy, future perspectives will likely be in an area of TEM-STM combined method, which has the potential of measuring the local mechanical behavior induced electronic structure change.
Atomic scale imaging of deformation process with simultaneous stress-strain plots
One of the most important topics in nanomechanics regarding the strength theory would be stress-strain correlations of the one-dimensional nanomaterials though it is very difficult to be accurately output. Nano-indentation and atomic force microscope as well as the related techniques and methods are powerful tools for this type of investigation. In the future, if high resolution electron microcopy imaging at atomic-scale could be integrated with the above techniques, it will give an outstanding opportunity to realize the deformation mechanisms of the one-dimensional nanomaterials. A bridge could be made between the plastic deformation theories and the strength theories for the one-dimensional nanomaterials, which is absent at this moment.
